Summary. The biomechanical properties of aortic samples from patients with Type 1 (insulin-dependent) diabetes meUitus and age-and sex-matched control subjects were analysed using a materials testing machine. The specimens were prepared from tissue outside areas of visible atherosclerosis in order to discriminate between primary Type 1 diabetic alterations in the aortae and secondary changes due to increased atherosclerosis. We paid special attention to the correction of biomechanical parameters for differences in wall thickness and registration of specimen length values. In the Type 1 diabetic aortae a marked reduction was found in the extensibility and an increase in their stiffness. The reduced extensibility was correlated significantly to the duration of Type 1 diabetes. The pronounced alterations in the mechanical properties could not be explained by the increase in the wall thickness which was observed among the Type 1 diabetic patients and the alterations could not be correlated to the grade of atherosclerosis in the thoracic aorta. The results of the present study, therefore, strongly suggest that Type 1 diabetic patients develop alterations in the arterial connective tissue independent of the presence of atherosclerosis. Such primary alterations in the vessel wall may play a role in the pathogenesis of large vessel disease among these patients.
The high frequency of macrovascular disease among diabetic patients is well known [1, 2] . The pathogenesis of the diabetic large vessel disease, however, is only poorly understood.
Several studies have reported alterations in arterial stiffness among diabetic patients. Both the measuring of pulse wave velocity [3] [4] [5] and recent investigations using ultrasound techniques, have shown increased arterial stiffness among diabetic patients [6, 7] . These studies, however, have not been able to discriminate between primary alterations in the arteries of diabetic patients and secondary changes due to increased atherosclerosis. Moreover, these in vivo measurements are confounded by the influence of blood pressure and do not, therefore, solely indicate alterations in vessel wall composition. Several investigations point towards primary alterations in the connective tissue in the arteries of diabetic patients. Medial calcification [8, 9] and accumulation of periodic acid Schiff (PAS)-positive substance [10, 11] have been described in diabetic arteries independent of the presence of atherosclerotic plaques. These primary diabetic alterations could, therefore, be expected to alter the mechanical parameters of the arteries.
The aim of the present study was to analyse the biomechanical properties of aortic samples taken at the post mortem examination from Type I diabetic patients. In all samples circumferential strip specimens were prepared from tissue outside areas of visible atherosclerosis. In the mechanical analyses we paid special attention to corrections of the biomechanical parameters for differences in wall thickness.
Material and methods
Samples of human mid-thoracic descending aortae were obtained from 27 post mortem examinations: 9 Type 1 (insulin-dependent) diabetic subjects and 18 age-and sex-matc]hed control subjects. No differences were found in weight, height and body mass index (BMI =weight in kg/height in m 2) betwee~ the Type 1 diabetic and control subjects. Table 1 gives age, sex, occurrence of hypertension, duration of Type t diabetes and area of visible intimal lesions in the descending thoracic aorta for each Type 1 diabetic subject and Table 2 the mean values for the group of Type 1 diabetic patients and the control group. Patients treated for hypertension and patients with more than one blood pressure measurement above 140/100 were considered hypertensive. The aortic samples were taken within 40 h post mortem. The aortae were opened longitudinally, land the circumference was measured between the 8th and 10th intercostal artery. The percentage of the surface area of the vessel covered with macroscopi- cally visible atheroslerotic plaques was measured by point-counting with a grid placed over the vessels. Points falling over fibrous plaques and lesions exhibiting ulcerations, aneurysms or mural thrombosis were counted as atherosclerotic points. The vessel was then washed in Tris-buffered saline (Tris (hydroxymethyl) aminomethan 2.5 mmol/1, NaC1 154mmol/1, KC1 6retool/l, CaC12 2mmol/1, pH7.4) and stored at -7 0 ~ C. Before testing the tissue was thawed at 37 ~ C.
Preparation of specimens for the biomechanical analyses
The aortic samples were laid flat on a piece of cardboard. Most of the adventitia was carefully removed without stretching the intima-media preparation. The adventitia does not contribute to the mechanical properties of aortic specimens as analysed by the present method [12] . When a strip of aortic tissue is strained, the media fails before the adventitia is fully extended, confirmed by pilot studies on the present material. The adventitia was removed in order to obtain correct measures of specimen thickness and in order to get standardized intima-media samples for the subsequent biochemical analyses. The aortic sample was frozen to about -5~ and five circumferential strip specimens, 4 mm wide, were punched out from each aortic sample. The strips were prepared from areas of the tissue without macroscopically visible atherosclerotic plaques. The specimens were immersed in Tris-buffered saline at 4~ until testing.
Biomechanical analyses were performed as described in detail elsewhere [12] [13] [14] . Registration of specimen lengths was done using a modification of the method of Mohan and Melvin [15] . The specimens were mounted in two clamps with a jaw space of 10 mm. Two dots of ink were lightly printed on the initimal side, 5.5 mm apart (Fig. 1 ). The clamps with the specimen were mounted in a materials testing machine (Instron 1270, Instron Ltd., High Wycombe, UK). The tests were conducted at room temperature, and Tris-buffered saline (21~ C, pH 7.4) was sprayed on the specimen. Each specimen was preconditioned before the actual test by repeated loading and unloading five times in order to straighten the connective tissue fibers, obtaining a reproducible load-strain relationship at small load values, important for definition of the initial length of the specimen. In these loading phases, the specimen was stretched until a load value of 1.8 newton was recorded. The initial length of the specimen was determined after this preconditioning. The initial length was defined as the distance between the two dots (lo) at that moment when the specimen was stretched to a load of 0.2 newton. The dimensions of the specimen were recorded photographically. The front and side of the specimen were photographed simultaneously by using two cameras at right angles to the specimen (Fig. 1) . The load and deformation values were registered continuously by the load-cell and extensometer of the materials testing machine. "]['he signals were fed to a X-Y-recorder and registered as load-deformation curves. The photographic registration of the specimen was marked on the load-deformation curve. Every time a picture was taken, the flash was used, and then produced a 
Statistical analysis
Mean values and SEM for each group are given in Table 2 . Statistical analyses were made by employing the non-paired Wilcoxon's two sample test and Spearman's rank correlation [16] . 2p < 0.05 was considered statistically significant.
Results
No significant differences were found between the Type 1 diabetic and control groups regarding area of visible intimal lesions and circumferences of aortae (Table 2 ). In the Type 1 diabetic group, 5 patients had suffered from hypertension and 4 had been normotensive. In the control group, 5 patients had been hypertensive, 11 normotensive and for 2 patients it was not possible to extract sufficient information from the patient files concerning their blood pressure. The thickness of the aortic wall of Type 1 diabetic subjects was increased compared to that of tlhe control subjects (Table 2) . A typical load-strain relationship of a circumferential strip of thoracic aorta is given in Figure 2 . It has a pronounced toe-part, which iis followed by a linear part that leads to the breaking point. The parameters of ultimate extensibility~ maximum load and the tangent of the angle giving the maximum stiffness of the strip were calculated fr, om~ the curve. For the Type 1 diabetic subjects the ultimate extensibility of the strips was reduced and values of maximum stiffness (tan [3) markedly increased compared to the controls (Table 2 load-strain and stress-strain relationships of aortic samples from the Type I diabetic and control groups, also in the region of the curves corresponding to a blood pressure of 100 mm Hg, are shown in Figure 3 . A significant correlation was found between the reduction in extensibility of the Type 1 diabetic aortic specimens and the duration of the diabetes (Spearman's R= -0.87, 2p< 0.05) (Fig.4) . No influence of hypertension was found on the biomechanical parameters of the Type 1 diabetic group. No significant correlation was found between the reduction in extensibility and the age of the Type 1 diabetic patients. No correlations were found between other biomechanical parameters and age, BMI, degree of atherosclerosis and post mortem time, either in the Type I diabetic individuals or in the control subjects.
Discussion
The method used for analysis of the static biomechanical properties of aortic samples is an in vitro method, and it primarily describes the biomechanical properties of the collagen and elastin fibrous network of the aortic samples [13-15, 17, 18] . The method is suitable when analysing the influence of quantitative and qualitative alterations of the tissue components on the biomechanical properties of tissues [19] . We found a marked reduction in the extensibility and an increase in the maximum stiffness of the aortic wall in Type 1 diabetic patients. These pronounced alterations could not be explained solely by the increased wall thickness or by the presence of atherosclerotic plaques. A significant correlation was found between the reduced extensibility of the aortic samples and the duration of the Type 1 diabetes, and this correlation could not solely be explained as an agerelated alteration in the mechanical properties of the aortae. Our data are in agreement with the investigations on pulse wave velocity [3, 5] , echocardiographic studies of arterial diameters [6, 7] and increased thickness of the arterial wall in patients with diabetes [20] .
The marked reduction in the extensibility and increase in the stiffness of the diabetic aortic specimens were also found in the part of the load-strain curve which corresponds to physiological blood pressures (Fig.3) . This suggests; that the distensibility of the diabetic aortae in vivo might be impaired in comparison with that of age-and sex-matched control subjects, resulting in increased haemodynamic strain on the aortic wall accelerating atherogenesis [21] , consistent with observations of an increased degree of atherosclerosis in coronary arteries and aortae of patients with diabetes [1, 22] .
One could speculate if the occurrence of hypertension plays a role in the reduced extensibility of the Type I diabetic samples. Five of 9 Type I diabetic subjects had suffered fi'om hypertension vs 5 of 16 control subjects. Within the Type I diabetic group, however, the ultimate extensibility of samples from subjects who had suffered from hypertension did not differ from that of the subjects who had been normotensive. Therefore, the reduced extensibility of the Type I diabetic samples is not merely vascular alterations induced by hypertension.
In previous studies on experimental rats with diabetes induced by streptozotocin treatment, we found reduced amounts of hydroxyprolin (jxg per mm 2) and elastin (pog per ram2), increased glycation of collagen, but no increase in the stiffness of the aortic tissue [23] . When the parameters of strength were corrected for the decrease in dry weight, however, the maximum stress value of the aortic tissue was found to be increased. Formation of reactive carbonyl compounds from the glucosyllysines, resulting in stabile cross-links between the collagen moleculezs, was suggested as an explanation of these changes in the strength of the aortae. The duration of the experimental diabetes in the rats was 3 months, which is a relatively short period compared to the duration of the diabetic state of the Type 1 diabetic subjects in the present study. This might explain the disparity between the sparse effect of the diabetic state on the mechanical properties of the rat aortae and the marked effects on the mechanical properties of aortic samples from human Type a diabetic subjects.
It is important to emphasize that the described differences in the mechanical parameters of the present study are obtained in areas of the vessel wall without plaques, indicating that substantial changes in the connective tissue of arteries occur in diabetes independent of the presence or absence of atherosclerotic plaques. The evaluation of atherosclerotic plaques was madeon a macroscopical basis, and early lesions might, therefore, have been overlooked. However, the absence of correlation between the degree of atherosclerosis and the obtained biomechanical parameters adds evidence to the statement that the increased stiffness occurs independently of the presence of atherosclerosis. This is in agreement with earlier described alterations in arteries from diabetic patients, where changes have been found both in areas of the vessel with and without plaques.
Thus, quantitative histochemical investigations of the extramural coronary arteries from patients with Type 2 (non-insulin-dependent) diabetes have shown that these patients accumulate a PAS-positive substance in the tunica media [10, 11] . In addition, investigations using soft x-rays have shown that diabetic patients have more incidents of arterial calcification, especially in the tunica media [8, 9] . Also, increased glycation of proteins has been described in the aortae and coronary arteries of patients with diabetes [241. It has been proposed that increased non-enzymatic glycation of proteins, especially collagens and elastin, may play a role in the formation of advanced glycation end products, i.e. stabile crosslinks between the collagen molecules, resulting in biomechanically rigid structures [23, 25, 28] , which is supported by in vitro studies on collagen incubated with glucose [29] [30] [31] [32] . Whether the accumulation of extracellular matrix components, deposition of calcium, increased non-enzymatic glycation of proteins and formation of advanced glycation end products or other factors in the diabetic arteries are the primary cause of the described biomechanical alterations remains to be elucidated.
